Abstract: Alkali-treated titanium (Ti) with a porous, homogeneous, and uniform nanonetwork structure (TNS) that enables establishment of a more rapid and firmer osteointegration than titanium has recently been reported. However, the mechanisms underlying the enhanced osteogenic activity on TNS remains to be elucidated. This study aimed to evaluate the surface physicochemical properties of Ti and TNS, and investigate osteoinduction and osteointegration in vivo. Surface characteristics were evaluated using scanning electron microscopy (SEM), scanning probe microscopy (SPM), and X-ray photoelectron spectrometry (XPS), and the surface electrostatic force of TNS was determined using solid zeta potential. This study also evaluated the adsorption of bovine serum albumin (BSA) and human plasma fibronectin (HFN) on Ti and TNS surfaces using quartz crystal microbalance (QCM) sensors, and apatite formation on Ti and TNS surfaces was examined using a simulated body fluid (SBF) test. Compared with Ti, the newly developed TNS enhanced BSA and HFN absorbance capacity and promoted apatite formation. Furthermore, TNS held less negative charge than Ti. Notably, sequential fluorescence labeling and microcomputed tomography assessment indicated that TNS screws implanted into rat femurs exhibited remarkably enhanced osteointegration compared with Ti screws. These results indicate that alkali-treated titanium implant with a nanonetwork structure has considerable potential for future clinical applications in dentistry and orthopedics.
Introduction
Due to increasing populations and the aging of our society, the demand for dental and orthopedic implants is growing at a rapid rate [1] . In the United States (US), approximately one-third of the populations older than 65 years are fully edentulous, and require dental implants to replace missing teeth [2] . Furthermore, in the US, more than 500,000 procedures are performed each year for hip and knee replacements [3] . Although titanium and its alloys, which have superior biocompatibility, high mechanical resistance, and excellent corrosion resistance, have been commonly used in the manufacturing dental devices and orthopedic surgery [4] , the application of titanium implants is limited due to the risk of postoperative infections, protracted healing time (4-6 months) of the implant-bone integration, and insufficient osteoconductivity, particularly in patients with osteoporosis [5] . In this regard, Simonis et al. have reported that the titanium implant survival rate is 89.23% after a 10-year observation period and 82.94% after a 16-year observation period [6] .
To enhance the therapeutic indications of titanium implants and improve the biological capability of titanium, it is imperative to explore effective approaches that ensure the more rapid and firmer osteointegration of titanium implants [1, 7, 8] .
It is presently known that implant surface physical and chemical characteristics are essential factors affecting the rate and extent of osteointegration [9, 10] . In terms of surface physical characteristics, recent studies have highlighted that nanostructure titanium may have better osteointegration than titanium with microscale surface modifications because nanoscale surfaces have a larger surface area and may better mimic the extracellular matrix to facilitate rapid bone accrual and, hence, promote the adsorption of proteins, cell adhesion and proliferation, gene regulation, and tissue integration [11, 12] . Moreover, some studies have reported that nanostructures on titanium surfaces can also alter RGDS (arginine-glycine-aspartic acid-serine) conformations to promote cell adhesion, and these RGDS are likely to be more exposed on nanoscale surfaces than on other types of surface [13] . A further study has suggested a higher adsorption of fibronectin on nanostructure surfaces, which ultimately promotes human osteoblast-like cell attachment [14] . Previously, efforts have been made to obtain these advanced nanoscale surfaces and various novel techniques have been applied in the manufacture of different nanoscale titanium surfaces, including physical methods such as self-assembly of monolayers [14] and ion beam deposition; chemical methods, such as peroxidation (H 2 O 2 ) [15, 16] , acid etching [17] , sol-gel transformation of nano-particle deposition [18] , and pulsed laser deposition [19] , pulsed plasma deposition (PPD) [20] , and optical methods [21, 22] .
Over the past 10 years, alkali treatment of titanium and its alloys, which can produce complex surface nanoscale structures, has attracted considerable attention. Kim et al. [23] , for example, were the first to demonstrate alkali and heat treatment of the surface of titanium and indicated its favorable bioactivity with observation of bone-like apatite formation on the surface using simulated body fluid (SBF) tests. Furthermore, Nishio et al. [24] reported the higher osteoblastic differentiation of bone marrow cells on the alkali-and heat-treated titanium. In our previous studies [25] , a novel method of alkali treatment of titanium was developed to produce porous and homogeneous uniform nanonetwork structures (TNS) characterized by a basic sodium titanate layer on the surface. These TNS have been successfully fabricated in concentrated alkali solution at room temperature. In contrast with numerous other alkali and heat treatments and production methods, the manufacturing process of TNS is considered to be simple and inexpensive, consumes minimal energy, and is environmentally friendly. The reaction conditions are completely controllable and, hence, we are able to produce titanium materials with such surfaces in stable and large amounts. Xing et al. [26] were the first to determine the optimum concentrations of NaOH solutions for producing TNS and suggested its superior advantages with regards to osteogenic activity of rat bone marrow mesenchymal stem cells (rBMMSCs). Furthermore, TNS has been successfully introduced on titanium implant screws, and has been shown to enhance osteointegration in vivo tests [27] . Therefore, the improved alkali treatment of titanium has considerable potential as an advanced technique for the modification of titanium surfaces and may appreciably enhance the clinical performance of titanium in bone implants.
To date, however, the mechanism underlying the enhanced osteogenic activity on TNS remains to be elucidated. In this study, these underlying mechanisms have been investigated using three different forms of TNS materials, namely, TNS discs, TNS screws, and TNS QCM sensors. Discs and screw are commonly used in implant material research, and in this study, we used QCM sensors to evaluate the effects of TNS surfaces on the adsorption of bovine serum albumin and human plasma fibronectin. Furthermore, we analyzed the surface electrostatic force of TNS using solid zeta potential and examined the ability of apatite formation in SBF tests. In order to investigate in vivo biocompatibility, we examined the performance of Ti and TNS implants in male Sprague-Dawley rats. We anticipate that the results of this research will provide convincing evidence for the future clinical application of TNS and the development of a wider range of applications.
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As shown in Figure 6 , scanning electron microscopy (SEM) revealed the deposition of apatite on 136 the surface of TNS discs immersed in SBF and maintained at 37 °C for one week. In contrast, little 137 apatite formed on the surface of Ti under the same conditions. The results of SBF thus indicated that 138 TNS has greater bioactivity than Ti. 139 140 Figure 7 shows the reconstructed three-dimensional micro-computed tomography image of rat 143 femurs containing implants, in which the cortical bone is indicated by yellow color, the cancellous 144 bone by green color, and the implants by red color. Figure 8 shows the quantitative evaluation of the 145 effects of osteogenesis around the femoral implant within the region of interest (ROI), with the bone 146 volume to total volume (BV/TV) and bone mineral density (BMD) values for the TNS implants being 147 significantly higher than those of the Ti implants (p < 0.05). 148 
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Histological and Histomorphometric Evaluations 153
Longitudinal sections of regions including the implant and peri-implant bones were used to 154 evaluate the formation of new bone around an implant. The results obtained at eight weeks after 155 surgery showed larger amounts of newly formed bone around the TNS implant surface than that 156 around the Ti implant at the same position ( Figure 9 ). Quantitative histomorphometric analysis of 157 the regions of interest showed that the BA and BIC were significantly greater around the 158 experimental group implants than the control group implants (Figure 10 
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Discussion
Osseointegration is defined by the American Academy of Implant Dentistry as "Contact established without interposition of nonbone tissue between normal remodeled bone and an implant entailing a sustained transfer and distribution of load from the implant to and within the bone tissue." In clinical terms, osseointegration is also defined as the stability and ankylosis of an implant in bone [28] . The characteristic of the implant surface, including both surface topography and chemical composition, is implicated in the complex process of osseointegration in many different ways [29] . In previous research [25] , the cell behavior on titanium surfaces modified by chemical processing at room temperature was examined and the capacity of these modified surfaces to affect the osteogenic differentiation of rBMMSCs was assessed. In the present study, the surface topography and chemistry of TNS were investigated, and then the biological properties of the surface of modified endosseous implants were evaluated based on both in vitro and in vivo analyses.
SEM makes a considerable contribution to the observation and characterization of nanotopography and associated nanostructures on the surface of implants [30] . From the result of high-magnification SEM images, the homogeneous nanoporous network structures on the surface of modified titanium has been observed in the present study, which is consistent with the observations made by Pattanayak et al. [31] . On the basis of the findings from previous studies, it has been established that some of the Ti-O-Ti bonds in the nanoparticles are broken by treatment with NaOH solution to generate Ti-O-Na and Ti-OH bonds [32, 33] . This modification of chemical bonds leads to the formation of a Ti-O-Na layer as a consequence of the electrostatic repulsion of the charge on sodium [34] . Compared with the treatment in which nanoparticles or other materials were coated on the surface of implants, there was no bonding interface between the nanostructure and implant owing to the fact that nanostructures were generated by chemical reaction on the surfaces of the materials themselves. Consequently, the risk of the nanostructure becoming detached from substrate materials can effectively be avoided during application. Furthermore, the roughness and topography of modified titanium surfaces also have a significant influence on the wettability behavior [35] , and the Ra of the implant surface routinely serves as a height parameter to characterize surface roughness [36] . As revealed by the 3D images obtained using atomic force microscopy (AFM) and the values of Ra, the roughness of the TNS surface was significantly greater than that of the Ti surface, indicating that the TNS surface may promote better cell attachment and growth due to its rougher topography [37] , probably by altering the initial macromolecular biological responses. This assumption is consistent with the findings of previous studies [25] , which revealed bioactivity on the TNS surface. Furthermore, compared with the Ti surface, chemical analysis indicated a reduction in hydrocarbons on the surface of TNS. It could be accordingly considered that chemical surface modification of titanium endowed its surface with hydrophilic properties and effectively eliminated surface hydrocarbon contamination [38, 39] , which is consistent with previous observations [40] .
Balasundaram et al. [41] have suggested that initial variations in the interaction of proteins and implant surfaces could significantly affect osteoblast adhesion, which is essential for subsequent osseointegration. The results obtained in the present study indicated that the amounts of both fibronectin and albumin adsorbed on TNS sensors were significantly higher than those absorbed on Ti sensors, which may be attributed to the nanoscale topography of the modified surface [29] , as evidenced by our SEM and SPM results. Fibronectin, which has RGDS, is a large glycoprotein of the extracellular matrix and plays a crucial role in mediating the adhesion of osteoblasts to implant surfaces [42] . Additionally, albumin, which can be considered as a standard protein, and inhibits the adsorption of proteins that may stimulate inflammation and bacterial colonization adsorbed on implant surfaces [43] , is affected by changes in the zeta potential. The zeta potential is the electric potential in the interfacial double layer (DL) at the location of the slipping plane relative to a point in the bulk fluid away from the interface. In this study, the zeta potential is different among the Ti group and the TNS group due to the changes of the surface characteristic after alkali treatment. As a result of electrostatic interaction, negatively-charged proteins that are associated with the enhancement of osseointegration are largely adsorbed to the positively-charged TNS due to their opposite charges [44] . Therefore, nanostructuring increases the wettability of surfaces (determined by contact angle in our previous studies [25] ) to blood and the proliferation and binding of fibrin and matrix proteins. Consequently, this could be beneficial for cell attachment and tissue healing, particularly for immediate implantation, which is an important facet of osseointegration.
Furthermore, SEM was used to assess the apatite-forming ability of TNS in SBF. Compared with the titanium surface, formation of large quantities of apatite was prominently observed on the surface of the TNS. In a previous study by Kokubo et al., a material capable of forming apatite on its surface in SBF was found to bond tightly to a living body, as a result of the formation of an apatite layer on its surface in the living body [45] . These findings indicate that the modified implant surface can effectively enhance the promotion of osseointegration, which is consistent with the result of the present animal experiments.
In the present study, micro-CT imaging has been used for the observation of longitudinal sections, and through 3-D modeling analysis we found that bone formation BV/TV and BMD on the TNS surface were better than those on Ti, implying that the formation of new bone induced by the nanostructure surface of TNS is superior to that on the surface of titanium in terms of both quality and quantity. Similarly, compared with titanium implants, the BIC and BA of newly formed bone on the TNS implants was found to be significantly enhanced, thereby indicating that the nanostructure surface of TNS implants efficiently enhances osseointegration capacity within eight weeks due to its more conducive surface properties. The results of the in vivo experiment agree with the findings of previous studies [25] , and have demonstrated the influence of TNS in terms of its in vitro bioactivity.
As observed in histological sections, osteogenesis had occurred via osteoinduction on the implant surface, instead of on the distal bone surrounding the implant. Furthermore, time-course analysis by application of fluorescent stains revealed that the amount of new bone formed around the TNS implant had increased significantly after four weeks compared with the titanium implant, thereby further indicating that the TNS surface has an enhanced capacity for the promotion of osseointegration. The enhanced biological performance of the TNS in vivo might be attributable to its superior surface physicochemical properties, as well as the effect of altered expression levels of key osteogenic regulatory genes such as Runx2, which might play important roles in osseointegration via the MAPK pathway [46, 47] .
In this study, three forms of titanium, namely, discs, QCM sensors, and implants, were utilized to conduct a comprehensive evaluation of various aspects of implant performance, which can provide a new concept for future research related to implant materials and surface modification. Further detailed studies are, however, necessary to gain a better understanding of the potential beneficial effects of alkali-treated nanostructure surfaces on osseointegration and biomechanical properties with respect to cortical and corticocancellous bone in larger animals.
Materials and Methods
Specimen Preparation
Pure grade 2 commercially available titanium discs (15 mm in diameter and 1 mm in thickness) and screw implants (1.2 mm in external diameter and 12 mm in length) were prepared by machining (Daido Steel, Osaka, Japan) for the evaluation of surface characteristics and animal studies, respectively. The discs were then polished using increasing grades of SiC abrasive paper (600, 800, 1000, and 1500 grits). All the samples were ultrasonically cleaned sequentially with acetone, ethanol, and deionized water (each for 10 min), and then air-dried at room temperature overnight. Ti QCM sensors were fabricated by reactive magnetron sputtering, with a thin layer of Ti deposited on the surface using a radio-frequency magnetron sputtering system (CFS-4ES-231; Shibaura Mechatronics Co., Ltd., Kanagawa, Japan). In order to obtain nanonetwork structures (TNS), half of the titanium samples were immersed in aqueous 10 M NaOH solution at 30 • C for 24 h, and each sample was then rinsed several times with ion-exchanged water until the solution reached a conductivity of 5 µS/cm 3 . Untreated titanium samples (Ti) were used as controls ( Figure 13 ). Untreated titanium samples (Ti) were used as controls ( Figure 13) . 275 
Surface Analysis 278
The surface topography of Ti and TNS were observed using scanning electron microscopy (SEM: 279 S-4800; Hitachi, Tokyo, Japan). The mean average surface roughness (Ra) and three-dimensional 280 surface topography of the samples were then assayed under a scanning probe microscope (Shimadzu, 281
Tokyo, Japan). X-ray photoelectron spectrometry (XPS; PHI X-tool; ULVAC-PHI, Kanagawa, Japan) 282 was also performed to evaluate the surface elemental compositions of Ti and TNS. 283
Zeta Potential 284
The zeta potentials of both Ti and TNS discs were measured using an ELSZ-1000ZS device 285 (Otsuka Electronics, Hirakata, Japan) at 25 °C. The principle of the measurement is electrophoretic 286 light scattering (laser Doppler electrophoresis), a reliable measurement based on electroosmosis 287 profile estimation. 288
QCM Measurements 289
Bovine serum albumin (BSA; Wako Pure Chemical Industries Ltd., Osaka, Japan) and human 290 plasma fibronectin (HFN; Nacalai tesque, Inc., Kyoto, Japan) were used as model proteins to evaluate 291 the effects of protein solutions on TNS surfaces. The amounts of both proteins were determined by 292 QCM measurements (Affinix QN μ; Initium Co., Ltd., Tokyo, Japan). The QCM measurements 293 conducted in this study have been described previously [48] . Briefly, the Ti QCM and TNS QCM 294 sensors were immersed in 500 μL of phosphate-buffered saline (PBS; 0.01 M PBS at pH 7.4), and then 295 the recording started immediately after the infusion of 5 μL (20 μg/mL) BAS or HFN, under constant 296 stirring of the solution to avoid any influence of protein dispersion. Changes in the QCM frequency 297
were measured as a function of time. In accordance with the Sauerbrey equation, the change in 298 frequency was determined by the adsorbed mass. 299
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Simulated Body Fluid Test
For evaluation of apatite formation on the surface of Ti and TNS, the specimens were soaked in 50 mL of SBF solution at 35-38 • C for seven days. The ion concentrations of the SBF solution are comparable to those of human blood plasma [49] . After soaking in SBF solution, all the specimens were rinsed several times in distilled water. Morphological changes in the surface of specimens were analyzed by SEM (S-4800; Hitachi, Tokyo, Japan).
Animal Model and Surgical Procedures
Surgical implantation was performed on twenty-eight-week-old male Sprague-Dawley rats, weighing 180-200 g, for an observation period of eight weeks post-surgery. The in vivo study was conducted in accordance with the ethical principles of the National Animal Care Guidelines and was approved by the Medical Ethics Committee of Osaka Dental University, Japan (approval no. 16-08002, August 2, 2016). After shaving and scrubbing the legs of rats with a mixture of iodine and 75% alcohol solution, the distal aspects of the femurs were carefully exposed via a 10-mm vertical skin incision at the knee joint of the right hind limb and muscle dissection ( Figure 14A ). Thereafter, under profuse saline irrigation, a 1.2-mm pilot hole was drilled using a 1-mm-round dental bur in the intercondylar notch as the implant placement site ( Figure 14B ). Subsequently, Ti and TNS screws were inserted into the holes ( Figure 14C ). Muscle and skin were sutured separately, and the surgical sites were then closed in layers ( Figure 14D ). To prevent post-surgical infection and reduce postsurgical pain, all rats received intramuscular injections of gentamicin (1 mg/kg) and buprenorphine (0.05 mg/kg) for three days. Following surgery, all the animals were maintained in their normal cages without any restriction. incision at the knee joint of the right hind limb and muscle dissection ( Figure 14A ). Thereafter, under 313 profuse saline irrigation, a 1.2-mm pilot hole was drilled using a 1-mm-round dental bur in the 314 intercondylar notch as the implant placement site ( Figure 14B ). Subsequently, Ti and TNS screws 315 were inserted into the holes ( Figure 14C ). Muscle and skin were sutured separately, and the surgical 316 sites were then closed in layers ( Figure 14D ). To prevent post-surgical infection and reduce 317 postsurgical pain, all rats received intramuscular injections of gentamicin (1 mg/kg) and 318 buprenorphine (0.05 mg/kg) for three days. Following surgery, all the animals were maintained in 319 their normal cages without any restriction. 320 
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For polychrome sequential labeling of new bone formation and mineralization after 324 implantation, the rats were injected with 30 mg/kg oxytetracycline hydrochloride (Sigma, St. Louis, 325 MO, USA) at 1 week, with 30 mg/kg alizarin red S (Sigma) at four weeks, and with 20 mg/kg calcein 326 (Sigma) at eight weeks. Rats were sacrificed at eight weeks using an intraperitoneal injection of 327 overdose sodium pentobarbital. 328
The right femurs containing the implants were dissected at eight weeks after surgery, and then 329 immediately maintained in cool saline solution. In an attempt to investigate the effects of implant 330 integration on bone defect repair, the harvested bone specimens were examined using a micro-331 computed tomography (CT) system (Shimadzu, Tokyo, Japan), running at a voltage 70 kV and 332 
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For polychrome sequential labeling of new bone formation and mineralization after implantation, the rats were injected with 30 mg/kg oxytetracycline hydrochloride (Sigma, St. Louis, MO, USA) at 1 week, with 30 mg/kg alizarin red S (Sigma) at four weeks, and with 20 mg/kg calcein (Sigma) at eight weeks. Rats were sacrificed at eight weeks using an intraperitoneal injection of overdose sodium pentobarbital.
The right femurs containing the implants were dissected at eight weeks after surgery, and then immediately maintained in cool saline solution. In an attempt to investigate the effects of implant integration on bone defect repair, the harvested bone specimens were examined using a micro-computed tomography (CT) system (Shimadzu, Tokyo, Japan), running at a voltage 70 kV and current of 118 µA. After scanning, three-dimensional (3D) reconstruction models were generated and analyzed, using morphometric software in Tri/3D-BON, from the region of interest (ROI), defined as that being 2 mm below the highest point of the growth plate and extending 500 µm around implants. The bone volume fraction (BV/TV) and bone mineral density (BMD) were quantified within the ROI.
Histological and Histomorphometric Analyses
After performing micro-computed tomography, the femoral specimens were collected and stained using the Villanueva method to assess osseointegration [50] . All sectioning procedures were executed under running water to maintain a cool temperature. A BZ-9000 digital microscope (Keyence Co., Osaka, Japan) and laser scanning microscope (Carl Zeiss, Oberkochen, Germany) were used to analyze the ingrowth of the bone. The excitation/emission wavelengths of the chelating fluorochromes were 351/460 nm for oxytetracycline hydrochloride (blue), 543/617 nm alizarin red S (red), and 488/517 nm for calcein (green), respectively. The bone area ratio (BA), bone-implant contact (BIC), and labeled bone area (LBA) were assessed using ImageJ in a 200× field around the implant and in a section 2 mm below the growth plate for each.
Statistical analyses
All data are expressed as the mean ± standard deviation. Statistical analyses were performed using Microsoft Excel. Each experiment was repeated three times and similar experiments were carried out in triplicate. p-values < 0.05 were considered statistically significant.
Conclusions
In this study, a novel implant material was produced using a room temperature alkali treatment technique. This resulted in the generation of samples with rough-surfaced TNS. After soaking in simulated body fluid, TNS implants were observed to form a bone-like hydroxyl apatite. The results of QCM and zeta potential analyses indicated that this TNS surface could lead to faster osseointegration. Our in vivo study results were consistent with the findings of previous in vitro experiments. Analyses of TNS material implanted into an animal model based on micro-CT scanning, histological observations, and polychrome sequential fluorescence labeling, indicated that the TNS implants facilitate continuous induction of osteogenesis and show faster osseointegration than traditional Ti implants. Therefore, we conclude that TNS implants have considerable potential as a bioactive implant material for clinical dental application. 
